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Executive Summary 
 
The BOOMStiC Gravity Gradient Boom and Turnstile Antenna project was developed to 
provide a passive attitude control system and better communications for future CubeSat satellites 
developed by California Polytechnic State University. The system utilizes the energy from a 
coilable metal spring to deploy a tip mass to a length of one meter from the side of the satellite. 
Calculations show the resulting gravity gradient torque causes to the satellite to settle two 
degrees from normal to the earth’s surface.   
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1. Introduction 
 
The Cal Poly PolySat project has expressed a need for a passive attitude control system using a 
gravity gradient boom and an accompanying antenna. Such a device would provide future 
CubeSat satellites from Cal Poly and other institutions around the world with the ability to 
maintain a constant orientation relative to Earth and more reliable communication. PolySat and 
the Mechanical Engineering Senior Project group consisting of Michael Barnes, Justin Carnahan, 
Daniel Fluitt, and Alicia Johnstone have agreed to develop a gravity gradient boom and antenna 
combination that will meet the goals and requirements presented in the Boom Stability Control 
Proposal Document and in Section 3, Objectives.  Five gravity gradient boom concepts were 
considered and modeled, one of which has been selected for production.  This chosen concept, 
the reasoning behind its selection, the structural and orbital analyses, and validation testing are 
presented in this report. 
 
2. Background 
 
While PolySat does not have any experience developing gravity gradient booms, the technology 
has been used in aerospace industry since the beginning of space flight. Deep space satellites 
such as Voyager and Cassini, as well as many other earth orbiting satellites, have used deploying 
booms for orientation adjustment and other science missions. While these designs are on a much 
larger scale, the lessons learned from their experience will aid us in creating a successful 
product. In the CubeSat community, institutions including Stanford University, Montana State 
University, and Surrey Satellite Communications have used gravity gradient booms on triple 
CubeSats. These designs will be studied heavily, as they are the most applicable to our project. 
Website links about these satellites are provided in Appendix A for additional information. A 
patent search yielded no patents on CubeSat Gravity Gradient Booms. 
  
Our product will have to meet a number of specifications in order for it to be marketable. Most 
important, the design standard of a CubeSat presented in the CubeSat Design Specification will 
need to be followed if our product is to be used on Cal Poly’s satellites. This document presents 
a conceptual design that will be able to meet PolySat’s product requirements, as well as the 
technical requirements that must be met in order for a CubeSat to be eligible to launch in the 
Poly Pico-satellite Orbital Deployer (P-POD).  
 
2.1. Gravity Gradient Analysis 
Analysis was performed to determine how the proposed boom length and tip mass would 
stabilize the satellite. A model was analyzed using a typical Low Earth Orbit (LEO) of 500 
km. The boom was considered to be of negligible mass, and to be completely rigid. The 
model analyzed can be seen in Figure 1. This model was analyzed statically and the restoring 
moment was plotted against satellite orientation. The drag force was also computed to make 
sure that the restoring torque could overcome the drag force moment and stabilize the 
satellite. The results of this analysis are given in Figure 2 and Table 1. All of the calculations 
preformed are given in Appendix F.  
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Figure 1:  Model Analyzed 
 
 
What causes the gravity gradient boom to self-orient the satellite is the unbalance between 
the gravitational force and the centripetal force. Looking at the equations for each force, it 
can be seen that the gravitational force is proportional to the orbiting radius squared, while 
the centripetal force is proportional to the square root of the orbiting radius squared. This 
creates a non-linear relationship between the two forces. Since the CubeSat and tip mass are 
rigidly connected, and the whole unit orbits about its center of mass, all of the components 
orbit at the same rate. This causes the CubeSat to orbit faster than required for its altitude, in 
turn causing the centripetal force to be larger than the gravitational force.  The tip mass will 
then orbit more slowly than required for its altitude, causing the gravitational force to 
overcome the centripetal force. These coupled forces cause a restoring moment that will 
stabilize the satellite with the boom unit, aligning itself perpendicularly to the orbit path.  
 
Table 1. Gravity Gradient Analysis Results 
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Figure 2. Restoring torque as a function of angular position 
 
 
After completing the analysis, the proposed boom length of 1 meter and tip mass of 100g 
were found to be theoretically appropriate for stabilizing a 1U CubeSat. When comparing the 
maximum torque that the drag produces to the restoring torque, a theoretical settling position 
of about 0.1° is expected. This analysis was performed on a very simple model, and further 
analysis will need to be performed in order to fully validate the gravity gradient boom design.  
 
2.2. Existing Deployable Mast Technologies 
As stated in the beginning of Section 2, there have been successful gravity gradient boom 
deployers incorporated on spacecraft in the past.  This section will identify and explain a few 
of the deployable mast technologies that have already been developed.   
 
2.2.1. Thin-Walled Tubular Booms 
Thin-walled tubular booms are elastically deformable due to their thin-walled shells.  
This makes them rigid while deployed, and malleable while stored (see Figure 3). 
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Figure 3.  Tubular Booms (Gunnar Tibert Doctoral Thesis, Appendix A) 
  
2.2.2. Coilable Masts 
Figure 4 is a picture of a coilable mast.  The major advantage of this concept is its ability 
to compress down to a small volume, while having the ability to deploy to a significant 
length.  It will be rigid near the base but will lose rigidity as the mast increases in length.  
This concept is best for shorter masts. 
 
 
Figure 4.  Coilable Mast (Gunnar Tibert Doctoral Thesis, Appendix A) 
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2.2.3. Telescopic Mast 
A telescopic mast consists of concentric cylindrical tubes nested inside each other, as 
seen in extendable car radio antennas. The telescopic mast typically requires a motor to 
facilitate extension (Figure 5). This concept will produce a rigid mast but will require an 
unfavorable stored volume to deployed length ratio. 
 
 
Figure 5.  Telescopic Mast Deployment (Gunnar Tibert Doctoral Thesis, Appendix A) 
 
2.2.4. Articulated Trusses 
An articulated truss mast has more rigidity and efficiency than the other mast types in this 
section.  There are a number of different configurations for these trusses.  A folding 
articulated square truss mast is shown in Figure 6. 
 
 
Figure 6.  Folding Articulated Square Truss Mast (Gunnar Tibert Doctoral Thesis, Appendix A) 
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3. Objectives   
 
Listed below are the project requirements which our design will adhere to. QFD was performed 
and the resulting House of Quality is given in Appendix B. The House of Quality showed that 
one or more of our engineering requirements satisfy each customer requirement. A 
comprehensive table of all specifications complete with projected methods of compliance is also 
given in Appendix C.  
 
3.1. Boom Unit    
 
3.1.1. Boom Length 
The length of the boom shall be substantial enough to produce reliable attitude control 
while in orbit. A tentative goal of a 1 meter boom has been set. 
 
3.1.2. Tip Mass  
The tip mass shall be optimized to produce reliable attitude control while in orbit, while 
not infringing significantly on the mass margin prescribed by CubeSat standards. The tip 
mass remains a function of the boom length, and shall be designed in parallel with the 
boom length. A tentative goal to use electronics such as a tri-axis magnetometer as the tip 
mass has been set. 
 
3.1.3. Positioning Of Boom Unit  
Because the antenna placement is most critical, the boom shall be designed to function 
and fasten to the structure in many different orientations and positions. The boom unit 
shall be able to fit on a few, preferably all, faces of the CubeSat structure to maximize 
placement options. The boom unit shall also be able to be fastened in different 
orientations on each face of the CubeSat structure. The boom unit shall have minimal 
impact on the amount of solar panel surface area. The boom shall be oriented to produce 
optimal gain, wave pattern, etc. for the antenna. 
 
3.1.4. Size Requirements  
The size of the boom unit is limited to the internal volume of the CubeSat structure, and 
the 6.5mm envelope that is permitted outside of the CubeSat structure as specified in the 
CubeSat Developers Specifications Document (Appendix A). The boom unit shall 
occupy no more than ¼ U of satellite space. The volume of the boom unit and boom 
length ratio shall be optimized.  
 
3.1.5. Storage Requirements  
The boom unit design shall take into consideration storage of up to six months. Design 
considerations to minimize or preferably eliminate creep of any component shall be 
taken.  
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3.2. Antenna Unit 
 
3.2.1. Antenna Type 
The antenna shall be designed as a Turnstyle or Dipole type antenna capable of receiving 
and transmitting in circular waveforms. The deployed antenna shall be as close to 
perfectly straight as possible. 
 
3.2.2. Antenna Length  
The antenna shall be designed to function in the 437 MHz band.  
 
3.2.3. Antenna Location  
The antenna must be mounted on the “Top Hat” of the new PolySat structure. The 
antenna placement must be optimized with respect to the Boom and CubeSat structure.  
 
3.2.4. Storage Requirements  
The antenna unit design shall take into consideration storage of up to six months. Design 
considerations to minimize or preferably irradiate creep of any component shall be taken.  
 
3.3. Kinematics 
 
3.3.1. Deployment 
The boom shall deploy to a final length equal to that specified in Section 3.1.1. The boom 
will not deploy until actuated. The faster the boom deploys the better, but structural 
integrity takes precedence over speed (i.e. the boom will not deploy faster than material 
properties allow). 
 
3.3.2. Torquers  
The system may include torquers for the purpose of re-settling the satellite. The torquers 
will not interfere with any of the other satellite or boom components. 
 
3.3.3. Settling 
Once the boom is fully deployed, the satellite shall settle. The time needed to settle is a 
function of other design requirements (i.e. boom length, tip mass, etc.). 
 
3.4. Forces and Environment 
 
3.4.1. During Launch 
The system shall survive +3dB higher than NASA’s General Environmental Verification 
Specification (GEVS) for qualification vibrations. These levels will be tested and verified 
at Cal Poly. 
 
3.4.2. During and Post-Boom Deployment 
The boom shall be designed to withstand the dynamic loads encountered during 
deployment. During deployment and after, the boom shall be rigid enough to resist 
buckling. The entire system shall withstand the environmental effects found in low earth 
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orbit (i.e. gravity gradient, magnetic torques, thermal, etc.) with a minimum service life 
of five years. 
 
3.4.3. Environment  
The product shall be designed to operate in a low earth orbit environment.  
 
3.5. Energy 
 
3.5.1. During Launch 
No electronics shall be active during launch to prevent any electrical or RF interference 
with the launch vehicle and primary payloads (See Section 2.3.1 of Cal Poly’s CubeSat 
Design Specification Rev. 12, Appendix A). 
 
3.5.2. During and Post-Boom Deployment 
The boom may implement a small electric motor, shape memory alloy, or stored potential 
energy to achieve full deployment. The system will be passive once fully deployed. 
 
3.6. Material 
 
3.6.1. Composition 
The boom shall be made of a non-ferrous material. Once in orbit, the selected material 
will stay non-ferrous for the extent of the minimum CubeSat service life (five years).  
The material shall be coatable and/or paintable. 
 
3.6.2. Conductivity 
The antenna shall be made of a conductive material. The boom may also be conductive as 
long as it is grounded to the CubeSat structure. Conductivity of the material will be 
greater than or equal to carbon steel. 
 
3.7. Electronics 
 
3.7.1. Boom Tip Electronics 
The tip mass of the boom may be designed to accommodate electronics. Refer to Section 
3.1.2.  
 
3.8. Safety 
 
3.8.1. Safety Standards 
The boom and antenna design must not violate any of the specifications provided in the 
CubeSat Developers Specifications document (Appendix A) or the NASA Educational 
Launch of Nano-Satallites (ELaNa) initiative, LSP-REQ-317.01. 
 
3.8.2. Deployment Safety 
Deployment design must not have any risk of damaging other systems of the satellite 
including solar panels, structure, and sensors. 
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3.9. Manufacturing 
 
3.9.1. Manufacturing 
Manufacturing will be performed by the BOOMStiC team at Cal Poly, or by a 
commercial machinist.  
 
3.10. Assembly  
 
3.10.1. Assembly 
Flight unit of product must be assembled in a clean room environment. Proper assembly 
procedures shall be provided with the final product.  
 
3.11. Quality Control 
 
3.11.1. Design Reviews  
Design reviews will be required at each major milestone of the project 
 
 
3.12. Schedules  
 
3.12.1. Major Goals and Milestones  
All major goals and milestones are outlined in the Method of Approach section of this 
report. 
 
3.12.2. Weekly Meetings  
Weekly meetings shall take place in order to keep project progress on track and to ensure 
PolySat is involved in the design process.  
 
3.12.3. Testing 
After construction, the boom apparatus will be integrated into the HyperCube, the current 
PolySat CubeSat structure.  The deployment will be tested a sufficient number of times to 
establish that the deployment is reliable.  
  
It will then be put into a 1U test pod provided by the CubeSat Program and tested on a 
vibration slip table to levels specified in Section 3.4.1.  The mechanism will then go 
through functional testing again to determine if it survived the vibrations testing.   
 
It will also undergo thermal vacuum testing which will ensure that the deployment 
apparatus will not be adversely affected by the temperatures and vacuum it is expected to 
experience in space.  
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4. Project Management 
 
The responsibilities of the team are divided evenly according to each member’s strengths. A list 
of each team member and their responsibilities can be found below: 
 
Alicia Johnstone: Sponsor-Team communication, documentation of project progress, thermal 
analysis, prototype fabrication, 
Primary Subsystem: Boom/Antenna Control 
 
Daniel Fluitt: Electrical analysis, design lead/solid modeling, manufacturing considerations, 
anechoic chamber testing 
Primary Subsystem: Antenna-Structure Interface 
 
Justin Carnahan: Information gathering, vibration analysis, antenna design considerations, 
vibrations testing, 
Primary Subsystem: Boom Storage and Deployment 
 
Michael Barnes: Material analysis, testing plans, thermal-vacuum chamber testing, 
Primary Subsystem: Boom-Structure Interface 
 
Outstanding tasks include but are not limited to: finalizing satellite settle duration estimates, 
building and testing a prototype boom, rapid prototyping the “top hat” and boom structure, 
deciding materials, working out a heat treatment schedule (if Beryllium-Copper is chosen), 
fabricating components, and building/testing final boom. 
 
The outstanding tasks will be completed by the group member with an appropriate responsibility 
or strength. 
 
For a list of the milestones and design flowchart see Figure A.1 and Table A.1 in the Appendix. 
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5. Design Development 
 
5.1.  Initial Design Concepts 
After a number of brain storming and ideating sessions, five boom deployment methods were 
chosen for further investigation.  A rough model was built for each concept to better 
determine their feasibility.   
 
Three of the five concepts were rejected after trials with the models. A Pugh Matrix (See 
Appendix E) was developed, however sponsor input was the deciding factor.  The two 
concepts chosen for development were the tape measure boom, Figure 10, and the scissor lift 
boom, Figure 11.  Ultimately, the tape measure boom concept was chosen to be prototyped.    
 
 
Figure 7.  Spring Boom Concept 
 
The Spring boom concept, Figure 1, would essentially consist of a spring mounted to a side 
panel. Ideally, the spring would be compressed to a length of 6.5mm for launch and extend to 
one meter once actuated, which may prove difficult with our volume constraints. This design 
would require sacrificing the solar panel on that face. The spring would need to be highly 
specialized to fit our design requirements which may prove to be expensive. Finally, the 
deployment would result in longitudinal oscillations. For these reasons, the Spring boom 
concept was rejected. 
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Figure 8.  Tent Pole Boom Concept 
 
The “Tent Pole” boom concept, Figure 8, works much like a standard tent pole. When in 
launch configuration, the links would lie side by side along the face of the satellite. In an 
ideal deployment, the links would rotate and lock into place without contacting each other or 
the satellite. The probability of an ideal deployment happening is low. These links would be 
connected by some type of space grade elastomer. Finding an appropriate elastomer for this 
application would be difficult if not impossible. Additionally, deployment of this boom 
would be unreliable and violent when compared to the other designs. For these reasons, the 
“Tent Pole” boom concept was rejected. 
 
 
Figure 9.  Justin’s Ladder Boom Concept 
 
The Justin’s Ladder boom concept, Figure 9, consists of a series of panels stacked together. It 
is unique among the five concepts in the fact that it has the potential to double as additional 
solar panels for the satellite. When actuated, torsion springs connecting the panels would 
force them to un-stack and align end-to-end.  One foreseeable complication with this design 
is the drag created by its large surface area. The drag on the panels created by the upper 
atmosphere could affect the orientation which would defeat the purpose of having the boom. 
For these reasons, the “Justin’s Ladder” boom concept was rejected. 
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Figure 10.  Tape Measure Boom Concept 
 
The Tape Measure boom concept, Figure 10, was selected for further analysis. See Section 
4.2 for additional information. 
 
 
Figure 11.  Scissor Lift Boom Concept 
 
The Scissor Lift boom concept, Figure 11, was also selected for further analysis. See Section 
4.3 for additional information. 
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5.2. Runner-up Concept:  The “Scissor Lift” Boom 
Figure  shows a sketch of the “scissor lift” boom concept.  It is made up of a simple scissor 
lift structure with a tension spring at the bottom to actuate deployment.  A burn wire will 
hold it in the stowed position until deployment.  The boom will be located on the outside of 
the structure and under the outer panel.   
 
 
Figure 12. Scissor Lift Concept integrated onto PolySat CubeSat structure 
 
 
Figure 13.  Scissor Lift extension process 
 
As seen in Figure , the tension spring will cause the unfixed end point of the apparatus to 
slide to the fixed point when the free end is released by the burn wire.  This will cause the 
boom to extend.   
 
   
Page 26 of 48 
 
 
Figure 12.  Scissor lift extended with tip mass / magnetometer bracket deployed at end 
 
5.2.1.  Volume / Length 
The boom will not be inside the structure, so virtually none of the internal volume of the CubeSat 
will be used.  According to the CubeSat specifications, the satellite may use an extra 6.5 mm 
beyond the structure and between its rails.  This concept will need to be less than 6.5mm thick, 
less if there is to be a solar panel covering it.  The length of the boom is expected to be 
approximately 1 meter as seen in Figure 12. 
 
5.2.2.  Positioning 
The boom and deployer may be positioned on any side face of the CubeSat structure.  The 
stowed configuration can be seen in Figure 13, and extended in Figure . 
 
5.2.3.  Resist Buckling Forces / Rigidity 
The boom is expected to be sufficiently rigid to maintain its shape and not be susceptible to 
significant oscillations during or after deployment.   
 
5.2.4. Composition / Nonferrous 
The boom will likely be made of aluminum or plastic strips and nonferrous fasteners at the joints 
to meet the nonferrous requirement.   
 
5.2.5. Deployment Reliability 
The scissor lift is expected to deploy reliably with sufficiently frictionless joints.  The fasteners 
will most likely be nonferrous screws and nuts.  The nuts will be put on with zero torque and 
LOCTITE will be used to hold them in place. 
 
5.2.6. Storage 
It is expected that this design will be functional after having been stored for six months or longer, 
but will require testing to verify.   
 
5.2.7. Tip Mass / Electronics 
It is expected that this design will be able to accommodate a magnetometer at the tip, along with 
extra mass if it is deemed necessary for satellite alignment.  The wiring will be affixed along the 
length of the boom. 
 
5.2.8. Energy 
Electrical power will not be required until deployment.  At that time, electricity will flow 
through a resistor which will sever the burn wire holding the boom in the stowed position.  
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5.2.9    Safety to the Satellite and Launch Vehicle 
It is expected that the launch vehicle and CubeSat will not be damaged during or after 
deployment.  Deployment will not occur until a sufficient amount of time has passed as to assure 
that the CubeSat is too far from the launch vehicle to affect it.  The concept is designed to deploy 
linearly away from the CubeSat, and should not be a danger to the outer components of the 
satellite.    
 
5.2.10  Construction 
The prototype parts will likely be cut from plastic sheeting by the BOOMStiC team using the Cal 
Poly laser cutter.  The final iteration will be made in the same fashion if plastic is determined to 
be the best material.  If the parts are aluminum, they will be machined by the BOOMStiC team 
or a commercial machinist. 
 
 
5.3.  Chosen Concept:  The “Tape Measure” Boom 
Figure 15Error! Reference source not found. shows a CAD model of the expected final 
product.  The actual solar panel area that will be needed for deployment may be larger due to the 
tip mass and magnetometer.  The overall concept utilizes the same spring action used in a 
common tape measure.  The key difference is that the coiled spring used to retract the measuring 
tape in a standard tape measure is reversed to propel the tape out of its coiled, stowed 
configuration.   
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Figure 15.  Tape Measure Concept integrated into the PolySat CubeSat structure 
 
 
 
 
 
 
Figure 13.  Boom stowed in the deployer with dimensions 
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Figure 14.  Mounted deployer configuration, side view 
 
 
 
 
Figure18.  Mounted deployer configuration, top view 
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5.3.1. Volume / Length 
This concept will take up a small volume in its stowed configuration, detailed in Error! 
Reference source not found., while having the ability to deploy to 0.5 meter in boom 
length.  It will also require only a small amount of surface area of the satellite, so it won’t 
greatly impact the amount of solar cells the satellite can accommodate.   
 
5.3.2. Positioning 
The boom and deployer will be attached to the underside of the “top hat” of the 
HyperCube structure, so that the boom may deploy from any X or Y axis face of the 
CubeSat structure.  It will be dependent upon which face the developer would like to face 
toward, or away from the Earth.  The mounted deployer unit can be seen in Error! 
Reference source not found. and Error! Reference source not found.. 
 
5.3.3. Resist Buckling Forces / Rigidity 
To increase rigidity, two curved strips of non-ferrous metal, resembling a tape measure, 
are be aligned so the concave sides face each other.  This will also create an outer surface 
that will be less likely to be affected by drag.   
 
5.3.4. Composition / Nonferrous 
To meet the requirement that the boom be made of non-ferrous material, the “tape 
measure” will need to be manufactured specifically for this project.  Commercially 
available tape measures are made of steel.  One tape measure made of fiber reinforced 
plastic was found, but the exact materials are proprietary to the manufacturer and the 
outgassing properties are unknown.  The tape is made from Phosphor-Bronze spring 
hardened sheet metal. 
 
5.3.5. Deployment Reliability 
Given that a “tape measure” concept has been tested as a deployable for other spacecraft, 
such as PolySat’s CP5, the deployment of this concept is expected to be reliable.  It is 
also expected that the deployment will not damage any outer components of the satellite. 
 
5.3.6. Storage 
It is expected that this design will be functional after having been stored for six months or 
longer due to the consistent reliability of standard tape measures, which share the same 
components and similar design concepts.  This will be verified with testing. 
 
5.3.7. Tip Mass / Electronics 
It is expected that this design will be able to accommodate a magnetometer at the tip, 
along with extra mass if it is deemed necessary for satellite alignment.  The wiring will 
be affixed within the length of the boom. 
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5.3.8. Energy 
Electrical power will not be required until deployment.  At that time, electricity will flow 
through a resistor which will sever the burn wire holding the boom in the stowed 
position. 
 
5.3.9. Safety to the Satellite and Launch Vehicle 
It is expected that the launch vehicle and CubeSat will not be damaged during or after 
deployment.  Deployment will not occur until a sufficient amount of time has passed as to 
assure that the CubeSat is too far from the LV to affect it.  The concept is designed to 
deploy linearly away from the CubeSat, and should not be a danger to the outer 
components of the satellite.    
 
5.3.10. Construction 
The boom itself will be constructed at Cal Poly by the BOOMStiC team out of Phosphor-
Bronze sheeting.  A half-inch strip will be run through an English Wheel to create the 
curved shape that will give the tape rigidity, while allowing it to be coiled for stowage.  If 
the team is unable to procure a long enough single piece of copper, smaller strips will be 
joined together through welding, brazing, or possibly aluminum rivets. 
  
The deployment apparatus will likely contain a coiled spring from a tape measure, 
adapted to force the boom out of the satellite.  The tape will be coiled around this coiled 
spring assembly.  The enclosure prototype will likely be made using the rapid prototype 
machines in Cal Poly’s Mechanical Engineering department.  The final iteration of the 
enclosure will likely be machined out of aluminum by the BOOMStiC team or by a 
commercial machinist.   
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6. Final Design 
 
6.1. Design Description 
After much deliberation, the decision was made to pursue the Tape Measure deployer as 
the final design. As described in Section 4.3, this design is essentially a tape measure 
with the coiled internal spring reversed. The mechanism will be housed by two aluminum 
plates called the Boom Deployer Base and the Boom Deployer Top (see Figure 19). 
 
 
Figure 19. Boom Deployer Assembly 
 
These plates separate all moving parts of the mechanism from the rest of the satellite, 
protecting the electronics. They will be fixed to the satellite structure by 4-40 bolts and 
mounting points called Connecting Blocks (see Figure 19). The entire assembly will not 
exceed an envelope of 100mm X 100mm X 20.55mm. See the Appendix for detailed 
drawings with exact dimensions. 
 
The moving parts of the mechanism consist of the Spindle, the four Tensioners, the Wire 
Spool, and the Boom itself. The Spindle is the internal anchor for the boom and is 
allowed to spin freely with the use of two thrust bearings. These bearings fit inside seats 
cut into the Spindle, the Boom Deployer Base, and the Boom Deployer Top. The 
Tensioners are spring loaded “pinball style” arms with rolling points of contact on their 
tips (see Figure 20). 
 
   
Figure 20. Tensioner         Figure 21. Internal workings of assembly 
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The pressure applied to the Boom by these arms will keep the Boom from unwinding 
inside the Cubesat throughout its storage, launch, and deployment.  The circuitry on the 
tip mass requires power, ground, and various other inputs and outputs. To house these 
wires, they will be wound around the Wire Spool to mitigate the chance of a tangle. The 
wires will be firmly attached to the tip mass and will be drawn out with the boom during 
deployment. The remaining bolts in the deployment structure (see Figure 21) are used to 
guide the Boom during deployment and structural support. Additional analysis has gone 
into adding ribs to the upper and lower plates to add strength and rigidity. After running 
FEA models on both designs, the benefit of the ribs appears to be minimal. See Section 
5.2 for FEA results and discussion. 
 
 
Figure 22. Tip Mass Assembly 
 
External to the structure of the satellite is the Tip Mass Assembly (see Figure 22). In 
addition to serving as the tip mass of the boom, the assembly also contains the Instrument 
Bracket to mount various electronics. The design requirement for the mass of the tip mass 
is 100 grams. Initial designs have used aluminum as the material; however the size of an 
aluminum mass weighing 100 grams might not fit in the given envelope. To fix this 
problem, a denser material, such as lead, will be used. There will be a tri-axis 
magnetometer mounted to the Instrument Bracket for measuring the strength and/or 
direction of the magnetic field in the vicinity of the mass. There will be room for other 
components which can be mission specific depending on the customer’s desires. 
 
The boom itself could be made of either Phosphor-Bronze or Beryllium-Copper. Both are 
nonferrous which satisfies one of the primary design requirements (see Section 3.1.18). 
The benefit of using Phosphor-Bronze is it comes in a spring temper. This is beneficial 
because it helps deploy the boom as well as adds to the rigidity of the system. Beryllium-
Copper can be heat treated to a spring temper; however after testing in the MATE 215 
laboratory, our samples warped considerably (see Figure 23).  
 
 
Figure 23. Post Heat Treatment, Beryllium-Copper Sample 
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A potential solution is to heat treat the material while clamped into a press, however this 
has not been attempted. An additional drawback to the Beryllium-Copper is the fact that 
beryllium dust is poisonous if inhaled. More precisely, it leads to Chronic Beryllium 
Disease. Therefore accurate cutting (with power tools for example) is out of the question. 
Finally, the heat treatment of a Beryllium-Copper strip that measures 1 meter (see Section 
3.1.1) will have to be done outside of Cal Poly since the biggest furnace on campus has 
about 2 feet of usable space. Outsourcing the heat treatment would not be impossible, but 
it is highly undesirable. To form the material into the necessary shape for the reverse 
coiled spring, a pair of steel pipes are used with the inside diameter of the first equaling 
the outside diameter of the second. The first pipe is cut in half along its length, and the 
other fits inside the resulting pieces. The boom material is sandwiched in between the 
pipes and clamps are used to form the curve. Any excess material is removed with a high 
speed cutting tool, leaving the desired form factor for our design. 
 
6.2. Analysis Results 
 
6.2.1. Settling Time 
Basic analysis has gone into tip mass and boom length. There is currently not enough 
information about the Cubesat’s projected orbit environment to be able to give a 
definitive time to settle. This value will depend largely on altitudes, pressures, and boom 
drag, as well as other various unknowns. Magnetorquers will be necessary for satellite 
detumbling before the gravity gradient boom can be deployed. This does not change the 
design of the boom since magnetorquers are compact and already come standard on most 
Cubesat structures. See Appendix F for analysis on theoretical settle angles and restoring 
torques. 
 
6.2.2. Finite Element Analysis 
Finite element analysis was used to analyze the structure that would enclose the 
BOOMStiC unit. The CAE software package used was NX Nastran 6.0.  The first design 
was simple and met specifications, and the first iteration of the design reduced 
displacements by 16% and allowed for more components. Both of the CAD models can 
be seen below in Figures 21 and 22. 
 
                              
 
  Figure 24. Initial Design of Boom Package             Figure 25.  First Iteration of Boom Package 
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In order to mesh the parts effectively certain geometry idealizations were made. Such 
idealizations include: removing small holes that are not in direct shear, making edges 
uniform and flat, removing filets and rounds, and converting internals into concentrated 
masses. The idealized models can be seen below in Figures 23 and 24.  
                     
 
Figure 26. Idealized Initial Boom Package   Figure27. Idealized Ribbed Boom Package 
 
The FEA models were then meshed using 3D solid elements. Linear 4-node brick elements 
were used for the initial boom package design because the simple geometry allowed for easy 
meshing. The ribbed model posed some meshing issues, so quadratic 10-node tetrahedrons 
were used.  A point mass as used to model the spindle and stowed tape measure. The ribbed 
model used a larger concentrated mass. This point mass was then connected to the assembly 
by creating a wagon wheel connection using ridged 1D bar elements. Convergence studies 
were preformed for both models to ensure that sufficient element quality was achieved while 
optimizing run times for the simulations. The meshed designs are shown below in Figures 25 
and 26.  
         
     Figure 28. Meshed Initial Boom Package              Figure 29. Meshed Ribbed Boom Package 
 
Once the models were idealized and meshed, boundary conditions and loads were applied to 
the model to prepare it for submission to the solver. For both of the models, the faces where 
mounting holes would usually reside were fully fixed about their 6 DOF. A gravity load was 
applied to the system. The gravity load was 30 g’s with a FOS of 2, or 60 g’s, in all 3 
directions. A modal analysis was also preformed, but the model did not include any sort of 
mechanical loading. Tables outlining the results are given below in Tables 2 and 3. A sample  
of the post-processed plots are also given below in Figures 27-32. 
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Table 2.  Finite Element Stress Analysis Results 
Loading Case  Load  Max Stress (Mpa) 
Max Displacement 
(mm) 
Ult. Strength 
(Mpa) 
Margin of 
Safety 
Original Model 
X Direction  60 g's  1.0  9.34E‐04  310  >300 
Y Direction  60 g's  1.0  9.27E‐04  310  >300 
Z Direction  60 g's  10.0  6.71E‐02  310  30 
First Iteration of Model, Ribbed 
X Direction  60 g's  3.5  6.64E‐04  310  88 
Y Direction  60 g's  3.5  6.62E‐04  310  88 
Z Direction  60 g's  20.0  5.62E‐02  310  14.5 
 
 
 
 
Table 3. Finite Element Modal Analysis Results 
Model  First Natural Frequency 
Second Natural 
Frequency 
Third Natural 
Frequency 
Fourth Natural 
Frequency 
Un‐Ribbed  499 Hz  1420 Hz  2200 Hz  2300 Hz 
Ribbed  531 Hz  xxx  3000 Hz  3200 Hz 
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Figure 30. Z-Direction Displacement Results for the Un-Ribbed Model, 60 g loading  
 
 
 
Figure 31. Z-Direction Displacement Results for the Ribbed Model, 60 g loading  
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Figure 32. Z-Direction Stress Results for the Un-Ribbed Model, 60 g loading  
 
 
Figure 33. Z-Direction Stress Results for the Ribbed Model, 60 g loading  
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Figure 34. First Mode of Non-Ribbed Model, 499 Hz    
      Figure 35. First Mode of Ribbed Model, 531 Hz 
 
While the ribbed design does experience higher stresses, the stresses did not yield critical 
margin of safety. The stresses arise from an increased concentrated mass load, and load 
paths that flow through the ribs. The ribbed design effectively reduces displacement 16%, 
even at the larger loads.  The resonant frequencies are well above 200 Hz, which is the 
minimum desired value and the first resonant mode similar to loading in the Z direction.  
 
6.2.3. Spindle Diameter 
The spindle needed to be designed so that the tape measure would not yield and deform 
when stowed. A stress calculation based on curvature was used to determine the spindle 
diameter. This calculation can be seen below.  
 
 
 
t = Thickness = 0.005 in  
 
 
Yield Strength = 80 ksi 
Modulus of Elasticity = 16 E3 ksi 
 
 
 
 
 
Since the calculations yielded a minimum diameter of 1 in, we picked a diameter of 30 
mm, or 1.2 in.   
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6.3. Cost Analysis 
 
Table 4. Bill of Materials and Cost Break-Down 
 Expected Cost (USD) 
Raw Materials  
Non-Ferrous Spring Metal 20 
Housing Components (Aluminum) 50 
Fasteners 10 
Tip Mass Material 10 
  
Magnetometer Mission Dependent 
  
Prototyping  
RP Housing Components 100 
RP “Top Hat” 50 
RP Other 50 
  
Fabrication  
Machine Housing Components Free (Machine on campus) 
Machining “Top Hat” 50 
  
Coatings  
Anodization (PCA) 50 
Thermal TBD 
  
TOTAL: ~400 
 
6.4. Safety considerations 
It should be noted that if the Beryllium-Copper is ever used for the boom material, it should 
not be put through any processes that will produce beryllium dust. If inhaled beryllium dust 
can lead to Chronic Beryllium Disease. 
 
Additionally, if the Phosphor-Bronze is used, a respirator should be used when cutting in 
order to mitigate the inhalation of harmful particles. 
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7. Project Realization 
 
7.1. Manufacturing Processes 
 
7.1.1. Housing and Tip Mass 
The housing pieces were machined from aluminum by BOOMStiC members and a Cal 
Poly shop tech.  The top and bottom plates and the spindle were made with a CNC machine 
by Cal Poly shop tech, John Gorski.  The other parts were machined by BOOMStiC with 
equipment in the Cal Poly machine shop and CubeSat/PolySat lab.  Total machining cost 
was $50.   
 
7.1.2. Tape 
Phosphor-Bronze sheets of 0.005 inches thickness were ordered from McMaster-Carr.  The 
approximate width of the tape was cut from the sheets by hand, using tin snips.  The tape 
measure like radius was achieved by compressing the tape between a pipe of the same 
radius and a tube of slightly larger radius cut in half longitudinally.  This radius adds 
rigidity to the boom, as well as provides the spring force required to deploy the boom. 
 
Figure 36.  Creating the Curve in the Non-Ferrous Tape  
 
The tape was cut down to the specific width with a lathe.  The approximate sized tape was 
wrapped around a spindle-sized aluminum rod, secured, and cut to size.   
 
 
7.2. Prototype versus Production Model 
The prototype model was rapid prototyped using the Cal Poly ME Department’s facilities.  
This model allowed us to fit-check the design and make sure we would be able to install it 
into the HyperCube structure. 
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8.  Design Verification 
 
8.1. Vibration Test 
 
8.1.1   Test Description and Levels 
The BOOMStiC system was assembled and integrated onto the HyperCube structure, then 
inserted into a CubeSat Test Pod provided by the CubeSat Program at Cal Poly.  The 
integrated Test Pod was attached to the testing surface of the Cal Poly Aero Department’s 
Unholtz Dickie vibration table, in accordance with verified procedures.  The table was run 
at 3dB above the standard NASA GEVS random vibration levels in each axis.  Before and 
after each random vibrations test, an up and down sine sweep was also performed.   
 
8.1.2    Results 
Vibration test results are given below in Figures 37 through 42. The BOOMStiC system 
passed +3 dB NASA GEVS qualification testing without any damage. Looking at the pre 
and post sine sweeps, the similarity in response spectrums give a clear indication that no 
damage was sustained during testing in the X and Y orthogonal orientations. Although the 
pre and post sine sweeps from the Z orientation do not match as well as X and Y, the 
fundamental peaks are similar, and the post vibe inspection showed no damage to the unit. 
This change in response is attributed to the unconstrained nature of the boom itself, making 
the system more dynamic. It important to note that the amplification we see in the higher 
frequencies is a result of testing hardware, and not a result of excitation of the BOOMStiC 
structure.   
 
 
 
Figure 37. Pre and Post X-Axis Sine Sweep (0-2000Hz) 
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Figure 38. X-Axis Random Vibe (+3dB NASA GEVS levels) 
 
 
 
 
Figure 39.  Pre and Post Y-Axis Sine Sweep (0-2000Hz) 
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Figure 40. Y-Axis Random Vibe (+3dB NASA GEVS levels) 
 
 
 
 
Figure 41.  Pre and Post Z-Axis Sine Sweep (0-2000Hz) 
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Figure 42. Z-Axis Random Vibe (+3dB NASA GEVS levels) 
 
 
8.2. Thermal Vacuum Test 
The BOOMStiC system, integrated onto the HyperCube structure, would be thoroughly 
cleaned and placed in the TVAC chamber at Cal Poly.  The chamber simulates expected 
thermal and pressure environments in low earth orbit.  The levels are derived from NASA 
Program Level Requirements, LSP-REQ-317.01.  The temperature cycles will range from -
15 to +70 degrees C at a pressure of 1 x 10-4 torr.   
 
The BOOMStiC assembly did not go through thermal vacuum testing due to lack of funds.  
But if the assembly is selected for a mission, the TVAC test will be performed. 
 
8.3. Deployment Test 
 
   8.3.1    Test Description and Levels 
After environmental testing, a deployment test was performed to verify that all mechanisms 
perform as expected after deployment from the launch vehicle.  The BOOMSTIC system 
and HyperCube structure were placed in a well-lit area, where the boom and antenna were 
able to deploy unhindered.  The “burn wire” was cut and the boom deployment was 
observed. 
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8.3.2    Results 
The boom deployed as expected. The boom deployed smoothly and quickly to its full 
length. This proves the system will deploy even after experiencing launch environments. 
 
Table 5. List of Necessary Equipment 
Test Equipment 
Vibration Test Unholtz Dickie (Cal Poly AERO Dept) CubeSat Test Pod (provided by CubeSat, Cal Poly) 
Thermal Vacuum Test Thermal Vacuum Chamber (CubeSat, Cal Poly facility) 
Deployment Test High Speed Camera (provided by CubeSat/PolySat, Cal Poly) 
 
The Specification Verification checklist can be found in Appendix J. 
 
 
9. Conclusions and Recommendations 
 
9.1. Conclusions 
The Tape Measure design satisfies all of the customer requirements, with the exception of being 
able to deploy from any face.  The current design will only deploy from an X or Y face.  The 
designed structure is robust enough to withstand expected vibration levels as shown in Section 8 
of this report.   
 
According to analysis, a boom length of 0.7 meters will be sufficient to stabilize the deployment 
of a 1U CubeSat. 
 
A prototype was built for a turnstyle antenna which did not prove to be feasible. The radius of 
curvature on the modified HyperCube structure was too small and resulted in permanent 
deformation of the antenna. 
 
9.2. Recommendations 
Phosphor-Bronze should be used rather than the Beryllium-Copper for the boom material. As 
described in the sections above, there is little advantage to using the Beryllium-Copper over the 
Phosphor-Bronze, and one significant disadvantage; beryllium dust is poisonous. This should be 
enough to create doubt in even the finest satellite developers. 
 
Magnetorquers should be used to de-tumble the satellite before deploying the gravity gradient 
boom.  This recommendation should not be hard to accomplish since magnetorquers take up no 
internal volume and come standard on most Cubesats. 
 
Due to the extreme temperature gradients in space environments, we recommend coating the 
boom with Aeroglaze A276 Polyurethane Coating, to avoid unwanted thermal expansion and 
buckling of the boom. 
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The design should be modified to accommodate missions that require a Z-face of the satellite to 
face toward or away from the surface of the earth. 
 
For the antenna concept, two possible courses of action can be taken: 1) use a different, more 
elastic material, and 2) increase the radius of curvature. 
 
If this design is used on a flight mission, the manufacturing of parts should be done by 
professional fabricators to ensure all parts are properly machined to specification. 
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Appendix A. Links to Additional Information 
NASA’s ATS series of satellites 
http://msl.jpl.nasa.gov/Programs/ats.html 
 
NASA’s Space Mechanisms Handbook – Lessons Learned Document 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20050192114_2005191102.pdf 
 
NASA’s LACE Satellite 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19930015538_1993015538.pdf 
 
Department of Defense Gravity Gradient Experiment (DODGE) 
http://space.skyrocket.de/doc_sdat/dodge.htm 
 
Montana State Firebird CubeSat 
http://mstl.atl.calpoly.edu/~bklofas/NSF_comm/20091130_telecon/FIREBIRD_Overview_N
SF_Telecon_113009.pdf 
 
University of Tokyo Prism Cubesat 
http://www.space.t.u-tokyo.ac.jp/prism/subsystem/faq_index-e.html 
 
Stanford University QuakeSat 
http://www.quakefinder.com/services/quakesat-ssite/documents/Lessons_Learned_Final.pdf 
 
Surrey Satellite Communications Gravity Gradient Boom 
http://microsat.sm.bmstu.ru/e-library/SSTL/Boom_HQ.pdf 
 
Gunnar Tibert Doctoral Thesis regarding spacecraft deployers 
http://www.mech.kth.se/thesis/2002/phd/phd_2002_gunnar_tibert.pdf 
 
List of CubeSats and mission descriptions 
http://mtech.dk/thomsen/space/cubesat.php 
 
CubeSat Developers Specifications document 
http://cubesat.org/images/developers/cds_rev12.pdf 
 
  
 
 
 
 
 
 
 
 
 
Appendix B. House of Quality 
  Engineering Requirements  
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Appropriate Boom Length 7 X X     \       \     X                     
Appropriate Tip Mass 7  X     \            \        X             
Fit In a Small Area 7.5 \ \ \ \ \  X     X       \                 X X 
Non-Ferrous 5                       X                 
If Conductive, Grounded 4   \ \ \                    X               
3-Axis Magnetometer At Tip 4  X                         X             
No Solar Cell Interference 5   X X X X O                       X      X X 
Appropriate Antenna Length 7         X  X                             
Simple Antenna Design 4         X X X X X             X              
Fits on New Structure 7 \ O \ \ \  \  X   X \                       X X 
Stored over time 3        X                            X X 
Survive Space Conditions 6              \     X X          X      X X 
Survive Launch Conditions 6                  X                  X X 
Passive when deployed 5              \        X              X   
Boom, coat or paintable 3                        X                
Boom, Low Payload Mass 6 X X                                      
Re-orientation Capabilities 2.5 \ \               X                       
Adhere to CubeSat Standards 7   \ \ \         \ \ X  X   X       X X X      X X 
Ease of Manufacturing 2 O      \                        X X        
C
us
to
m
er
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eq
ui
re
m
en
ts
 
Status Updates 2                                                                 X X X     
X = 9 (Strong Correlation)    \ = 3 (Medium Correlation)    O = 1 (Small Correlation)    Blank = 0 (No Correlation) 
  
 
 
 
 
 
 
 
 
 
Appendix C. Design Specifications with Compliance 
         
 
 
Specification 
Number Parameter Description  Requirement Priority Risk Compliance  
3.1 Boom Unit  
3.1.1 Boom Length  At Least 1 meter Medium H A, S 
3.1.2 Tip Mass Optimized High H A, S 
3.1.3.a Boom Location Multiple Sides Medium High M T, I 
3.1.3.b Boom Orientation Multiple Ways Medium High M T, I 
3.1.3.c Boom Placement Optimized High H A, T, I 
3.1.3.d Solar Panel Displacement Minimized Very High H I 
3.1.5.a Boom Unit Size Minimized Very High M I 
3.1.5.b Boom Unit Size Envelope Use 6.5mm Envelope Very High H I 
3.1.6 Designed Storage Time 6 Months  High H A, S 
3.2 Antenna Unit  
3.2.1 Antenna Type Turn-Style or Dipole High L A, T, S, I 
3.2.1.b Antenna Deployed Shape Straight High L A, T, I 
3.2.2 Antenna Length 437 MHz Band Very High H A, T, S 
3.2.3.a Antenna Location On Top-Hat Medium High H A, T 
3.2.3.b Antenna Orientation Optimized  High H A, T 
3.2.4 Designed Storage Time 6 Months  High H A, S 
3.3 Kinematics 
3.3.1.a Deployment Length Reach Full Length High H A, T 
3.3.1.b Deployment Speed Optimized High H A, T 
3.3.1.c Deployment Actuation Controlled Very High H A, T 
3.3.2 Use Of Torquers Optimized Low H A, T, I 
3.3.3 Settling Must Settle  High M A 
3.4 Forces And Environment 
3.4.1 Launch Environment NASA GEVS (+3 dB) Very High H A, T 
3.4.2 Boom Stiffness Resist Buckling High H A, T 
3.4.2 Design Environment Low Earth Orbit High H A, T 
3.5 Energy 
3.5.1 No Operation During Launch No Electronics Active Very High H A, T 
3.5.2 Passive Once Fully Deployed Passive Device High L A, T 
3.6 Material 
3.6.1.a Non-Ferrous Over Life Span 5 Year Life Span Very High H A, S 
3.6.1.b Boom Material Coatiable  High H T, S 
3.6.2.a Antenna Material Conductive Very High H T 
3.6.2.b Boom Material (If Conductive) Grounded High H I 
3.6.2.c Conductivity > Carbon Steel Very High H T, I 
3.7 Electronics 
3.7.1 Boom Tip Electronics  Design Possibility  Medium M A, T, S, I 
3.8 Safety 
3.8.1.b Safety Standards CubeSat Spec. Very High H A, T, S, I 
3.8.1.b Safety Standards ELaNa Standards Very High H A, T, S, I 
3.8.2 Deployment Safety No Risk of Damage Very High H A, T, I 
3.9 Manufacturing  
3.9.1 Manufacturing Location  Cal Poly SLO High L I 
3.10 Assembly 
3.10.1 Assembly Location Clean Room, Cal Poly High L I 
3.11 Quality Control 
3.11.1 Design Reviews  Periodic High H I 
3.12 Schedules  
3.12.1 Goals and Milestones Outlined in Report High L I 
3.12.2 Meetings With Sponsor Weekly High L I 
Key: Analysis (A), Test (T), Similarity to Existing Designs (S), Inspection (I) 
Key: Analysis (A), Test (T), Similarity to Existing Designs (S), Inspection (I) 
 
High Risk (H), Medium Risk (M), Low Risk (L) 
  
 
 
 
 
 
 
 
 
 
Appendix D. Design Process Flow Chart & Liset of 
Milestones with Deadlines 
 Figure D.1 Design Process Flow Chat 
Table D.1 Milestones and Due Dates 
Object Due Date Status 
Fall Quarter 2010 
Project Requirements Report October 19, 2010 Complete 
Conceptual Design November 2, 2010 Complete 
Conceptual Design Report December 3, 2010 Complete 
Conceptual Design Review December 10, 2010 Complete 
Winter Quarter 2010 
Design Report February 1, 2011  Complete 
Critical Design Review February 3, 2011  Complete 
Manufacturing Review February 19, 2011  Complete 
Project Update Memo March 8, 2011  Complete 
Prototype Presentation March 8, 2011  Complete 
Spring Quarter 2011 
Test Plan April 8, 2011  Complete 
Hardware Demo May 9, 2011  Complete 
Final Report May 30, 2011  Complete 
Design Expo June 2, 2011  Complete 
  
 
 
 
 
 
 
 
 
 
Appendix E. Pugh Matrix 
Pugh Matrix 
Concept Model 
~ -'l"i - f' , '~~"};' '/ ~ . 
, , : 'W~ ~V:;/. ,~ 1-- • .... ,1·: ,.. ... - -."-': 
\ .:-:' /,,4. ;/ ~~.,~ ~~<p,~; ~-' ~::~)~~.;.~:;::.~.~.: ru~~~ \t \ ~t ....:~~\... ;.I""f.J~.';."~ r"" V~ C/' '-, JI ~_U L } 1.',..::;'\'1l-l~~ " 0 ~ , ,IT; ..•. • If \.~ ~ /~---:;! r~ :4'" -- _. ~.~ 1Pt. '/ ~ J.. I' 
Criteria " .. : .. ~ -60: .~! -~~j/~>;, , ~~'" :_..~: :-., ?-U'F'6 .F"""" -"~ 
..~." ~ /., v' q l~~ 'oz" .. I ." .. ~ ,1 b V _ ~,.., :.r~ L .. h. ~. ;- k/'-r j ". ~ .1 ._~/-f-·.t....· ~ h'JIIIt'2o._......... ,/~ :~~ I ~.;;,.' >',G) I J-' •••• - '.' ,-,' P"~ 
, ~''!'~?" J '!idJ;::;J"';YA,,If '," - - [.-~ ~~~ ~ \~~~~~.. ~~, ~LI'""""'_~.,..-~;;=~I 
Justin's Ladder Spring Loaded Scissor Lift Tent Pole Tape Measure 
Size -t - c;. S p
 
Weight + + 5 ~
 
Length Of Boom - - - - A.
 
Stiffness S S + +
 
Durability .s + -+- - T
 
Cost + S -t- ~ 
Reliability - + - - lU 
Ease of Deployment..,.- + - S 
Complexity S + - - W\
 
Solar Panel Cost --r - $ S
 
Manufacturing + 1- + +­
Risk --- - S ­
2:+ -4 G it 3 ­
2:- S' "1 t.f '5 ­
2:S 3 '2 li t..I ­
  
 
 
 
 
 
 
 
 
 
Appendix F. Gravity Gradient Analysis 
Gravity Gradient Analysis Calculations  
  
   
    
 Note: Since the satellite is treated as a ridged body and it orbits about its center of mass,  both  tip  mass  and  CubeSat  orbit  at  the  same  rate  as  the  center  of  mass.     
   𝑟! = 𝑂𝑟𝑏𝑖𝑡 𝐻𝑒𝑖𝑔ℎ𝑡 + 𝐸𝑎𝑟𝑡ℎ 𝑅𝑎𝑑𝑖𝑢𝑠  +/− 𝐻𝑖𝑔ℎ𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 𝑓𝑟𝑜𝑚 𝜃   𝑟! = 500𝑘𝑚 + 6378.1 𝑘𝑚  + 𝐿!" ∙ 𝑐𝑜𝑠𝜃 𝑟! = 6878.1 𝑥10! 𝑚  + 0.0769 𝑚 ∙ 𝑐𝑜𝑠𝜃   𝑟! = 500𝑘𝑚 + 6378.1 𝑘𝑚 − (𝐿 − 𝐿!") ∙ 𝑐𝑜𝑠𝜃 𝑟! = 6878.1 𝑥10! 𝑚 − 0.9231 𝑚 ∙ 𝑐𝑜𝑠𝜃  𝑟!" = 500𝑘𝑚 + 6378.1 𝑘𝑚   𝑟!" = 6878.1 𝑥10! 𝑚     
𝜔!" =   5.97𝑥10!"𝑘𝑔  ∙ 6.672𝑥10!!! 𝑚!𝑘𝑔 ⋅ 𝑠! (6878.1 𝑥10! 𝑚) !   𝜔!" = 0.00111 𝑟𝑎𝑑𝑠      
  
    ↺ 𝑀𝑜𝑚𝑒𝑛𝑡 = 𝐹𝑔! − 𝐹𝑐! ⋅ 𝐿!" ⋅ 𝑠𝑖𝑛𝜃 +  𝐹𝑐! − 𝐹𝑔! ⋅ (𝐿 − 𝐿!") ⋅ sin   𝜃   
   Drag force torque calculation  𝑓! = 12  𝐶! 𝜌 𝐴 𝑣!   𝐶! =  1.05       𝜌 = 1.9𝑥10 !!" !"!!   𝐴 = 0.0001 𝑚!                         𝑣   = 7.611𝑥10! !!   𝑓! = 5.78𝑥10!! 𝑁   𝑇! = 𝑓! ⋅  𝐿!"  𝑇! = 4.45𝑥10!!" 𝑁 ⋅𝑚 
MATLAB Code:   theta=(‐pi/4);     %Specifys Theta Range  m1  = 1.2;                  %mass of CubeSat m2  = .1;                   %mass of Tip Mass mE  = 5.97*10^24;           %mass of earth G   = 6.673*10^‐11;         %gravitational constant  L   = 1.0;                  %Length of boom Lcm = L‐(L/((m2/m1)+1));    %Computes location of CM   %oribt hight of cubesat and tip mass with respect to center of earth r1  = 6878.1*10^3+abs(Lcm.*cos(theta));  r2  = 6878.1*10^3‐abs((L‐Lcm).*cos(theta)); rcm = 6878.1*10^3;  %centerfurgial forces on cubesat and tip mass Fc1 = m1.*(sqrt((mE*G)./(rcm.^3))); Fc2 = m2.*(sqrt((mE*G)./(rcm.^3)));    %Gravitatinal forces on cubesat and tip mass Fg1 = ((G*mE*m1)./(r1.^2)); Fg2 = ((G*mE*m2)./(r2.^2));  %Moment generated from gravity graient. %Negitive Moment on positive theta is a restoring force.  M   = (((Fg1‐Fc1).*Lcm.*sin(theta))+((Fc2‐Fg2).*(L‐Lcm).*sin(theta)));  %plots theta vs. moment  plot(theta,M)  %NOTE: Aerodyanmic drag moment : 4.45𝑥10!!" 𝑁 ⋅𝑚        
  
 
 
 
 
 
 
 
 
 
Appendix G. List of Vendors, Contact Information, and 
Pricing 
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Appendix H. Vendor Supplied Component Specifications 
and Data Sheets 






  
 
 
 
 
 
 
 
 
 
Appendix I. Gantt Chart 
ID Task 
Mode
Task Name Duration Start Finish
1 Fall Quarter 30 days Mon 11/1/10 Fri 12/10/10
2 Concept Development 25 days Mon 11/1/10 Fri 12/3/10
3 Brainstorming 4 days Mon 11/1/10 Thu 11/4/10
4 Concept Models 3 days Sun 11/7/10 Tue 11/9/10
5 Concept Model Convergance 3 days Wed 11/10/10 Fri 11/12/10
6 Concept Iterations? 5 days Mon 11/15/10 Fri 11/19/10
7 CAD Model 2 days Fri 11/19/10 Mon 11/22/10
8 Write Concept Report 9 days Mon 11/22/10 Thu 12/2/10
9 Concept Report Due 1 day Fri 12/3/10 Fri 12/3/10
10 Thanksgiving Break 4 days Wed 11/24/10 Sun 11/28/10
11 Concept Design Review 6 days Fri 12/3/10 Fri 12/10/10
12 Prepare Presentaion to Sponsor 5 days Fri 12/3/10 Thu 12/9/10
13 Presenation to Sponsor 1 day Fri 12/10/10 Fri 12/10/10
14
15 Winter Break 17 days Fri 12/10/10 Sun 1/2/11
16 Winter Quarter 55 days Mon 1/3/11 Fri 3/18/11
17 Design Repot
18 CAD Model-Final Draft
19 Drawings
20 Write Design Report
21 Design Report Due
22 CDR
23 Manufacturing Review
24 Machine/Order Parts
25 Assembly
10/24 10/31 11/7 11/14 11/21 11/28
October November December
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 1
Project: Gantt Chart
Date: Thu 2/3/11
ID Task 
Mode
Task Name Duration Start Finish
26 Write Assembly Procedures
27 Prototype Presentation
28 Prepare Prototype Presentation
29 Give Prototype Presentation
30
31
32
33 Spring Break 7 days Sat 3/19/11 Sun 3/27/11
34 Spring Quarter 55 days Mon 3/28/11 Fri 6/10/11
35 Testing 6 days? Mon 3/21/11 Mon 3/28/11
36 Write Testing Procedures 6 days Mon 3/21/11 Mon 3/28/11
37 Test Procedures Due 1 day Mon 3/28/11 Mon 3/28/11
38 Perform Environmental/Durability 
Testing
39 Iterate
40 Hardware Demo 1 day Mon 5/9/11 Mon 5/9/11
41 Final Report
42 Write Final Report 7 days Fri 5/20/11 Mon 5/30/11
43 Final Report Due 1 day Mon 5/30/11 Mon 5/30/11
44 Design Expo
10/24 10/31 11/7 11/14 11/21 11/28
October November December
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 2
Project: Gantt Chart
Date: Thu 2/3/11
11/28 12/5 12/12 12/19 12/26 1/2 1/9 1/16 1/23 1/30 2/6 2/13 2/20 2/27 3/6 3/13
November December January February March
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 3
Project: Gantt Chart
Date: Thu 2/3/11
11/28 12/5 12/12 12/19 12/26 1/2 1/9 1/16 1/23 1/30 2/6 2/13 2/20 2/27 3/6 3/13
November December January February March
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 4
Project: Gantt Chart
Date: Thu 2/3/11
3/13 3/20 3/27 4/3 4/10 4/17 4/24 5/1 5/8 5/15 5/22 5/29 6/5 6/12 6/19 6/26
March April May June
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 5
Project: Gantt Chart
Date: Thu 2/3/11
3/13 3/20 3/27 4/3 4/10 4/17 4/24 5/1 5/8 5/15 5/22 5/29 6/5 6/12 6/19 6/26
March April May June
Task
Split
Milestone
Summary
Project Summary
External Tasks
External Milestone
Inactive Task
Inactive Milestone
Inactive Summary
Manual Task
Duration-only
Manual Summary Rollup
Manual Summary
Start-only
Finish-only
Deadline
Progress
Page 6
Project: Gantt Chart
Date: Thu 2/3/11
  
 
 
 
 
 
 
 
 
 
Appendix J. Specification Verification Checklist 
Report Date
Sponsor:  POLYSAT
Component/Assembly: BOOMSTIC 
DEPLOYER
REPORTING ENGINEER:
Quantity Type Start date Finish date Test Result Quantity Pass Quantity Fail
1 3.1.1
Measure deployed boom length with 
reliable measureing tool > 0.8 meters passes DF CV 1 A
2 3.1.2 Weigh sensor package with bracket and extra mass with calibrated 1 kg scale 100 ± 20 grams JC DV 1 B
3 3.1.3.a
Use the HyperCube CAD model and the 
BOOMSTIC deployer CAD model to afix 
the deployer to the HyperCube in all 
possible configurations
Deployer readily 
affixes to X and Y 
internal faces of the 
HyperCube structure 
with no interferance 
of parts
MB CV 1 A
4 3.1.3.b
Use the HyperCube CAD model and the 
BOOMSTIC deployer CAD model to orient 
the boom in every possible orientation
Boom can be directed 
longitudianlly out of 
any one of the four 
sides of the X and Y 
axese at 90 (±10) 
degrees to the cube 
surface 
AJ CV 1 A
5 3.1.3.c
Verify, using the HyperCube CAD model 
and the BOOMSTIC deployer CAD model, 
that the boom can be  directed through 
any of the X or Y faces by mating the 
assemblies together in the configurations 
of interest
Boom can be directed 
out of any one of the 
four sides of the X 
and Y axese
DF CV 1 A
6 3.1.3.d Visually verify using CAD model assembly
> 3/4 of affected side 
panel will still be 
useable for solar cells 
using a HyperCube 
structure
JC CV 1 A
7 3.1.5.a Visually verify using CAD model assembly
≥ 1/2 interior space of 
HyperCube is left available 
for additional payload
MB CV 1 A
8 3.1.5.b
Measure any and all protrusions from the 
stowed BOOMSTIC system that protrude 
past the exterior of the HyperCube 
frame 
No part of the stowed 
boom or boom 
deployer system will 
extend more than 6.5 
mm past the exterior 
edge of the 
HyperCube rails
AJ DV 1 B
9 3.1.6
Pack boom into storage/pre-deployment 
configuration and let sit indoors (climate 
controled area) for predetermined time, 
then deploy boom by releasing burn wire 
The boom will deploy 
after storage time of 
≥ 6mo.
DF DV 1 B
10 3.2.1 Visual inspection of antenna components and configuration
Antenna must be Turn-
Style or Dipole type JC DV 1 B
11 3.2.1.b
Measure the lateral displacement of 
points on the antenna relative to the 
tangent line of the longitudinal axis at 
one designated point
< 8cm deviation from 
centerline MB DV 1 B
 TIMING TEST RESULTS NOTES
BOOMSTIC DESIGN VERIFICATION PLAN AND REPORT
TEST PLAN TEST REPORT
Item
No
Specification or Clause 
Reference Test Description Acceptance Criteria
Test 
Responsib Test Stage
SAMPLES 
Report Date
Sponsor:  POLYSAT
Component/Assembly: BOOMSTIC 
DEPLOYER
REPORTING ENGINEER:
Quantity Type Start date Finish date Test Result Quantity Pass Quantity Fail
 TIMING TEST RESULTS NOTES
BOOMSTIC DESIGN VERIFICATION PLAN AND REPORT
TEST PLAN TEST REPORT
Item
No
Specification or Clause 
Reference Test Description Acceptance Criteria
Test 
Responsib Test Stage
SAMPLES 
12 3.2.2 Measure longitudinal length of antenna arms 
Appropriate for 437 
MHz Band AJ DV 1 B
13 3.2.3.a Visually verify the location of the antenna on the CAD model
The antenna will be 
located in or on the 
Top-Hat
DF CV 1 A
14 3.2.3.b Measure angle between deployed arms and face of CubeSat
Within 10% of 
optimized value JC DV 1 B
15 3.2.4
Pack antenna into storage/pre-
deployment configuration and let sit 
indoors (climate controled area) for 
predetermined time, then deploy 
antenna by releasing burn wire 
The antenna will 
deploy after storage 
time of ≥ 6mo.
MB DV 1 B
16 3.3.1.a
Pack antenna into storage/pre-
deployment configuration, then deploy 
antenna and boom by releasing burn 
wire 
Full antenna length 
and boom length will 
deploy
AJ DV 1 B
17 3.3.1.b
During deployment test (3.3.1.a) time 
the deployment of antenna and boom 
from burn wire severing to final length 
on deployables reached
< 2 minutes DF DV 1 B
18 3.3.1.c
Pack antenna into storage/pre-
deployment configuration, then deploy 
antenna and boom by releasing burn 
wire 
Boom and antenna 
deploy upon severing 
the burn wire
JC DV 1 B
19 3.3.2
Analyze the forces the torquers will have 
to overcome to orient the CubeSat and 
calculate the power required.  Compare 
to battery stored energy and expected 
solar cell contribution
Not to exceed battery 
or solar cell limits MB CV 1 A
20 3.3.3 Analyze using generated MATLAB code Settle within 3 mo. AJ CV 1 A
21 3.4.1
Using Cal Poly facilities, integrate the 
HyperCube/BOOMSTIC assembly into a 
test pod and run vibrations and thermal 
vacuum tests.  Repeat deployment test 
(3.3.1.a)
No failures at NASA 
GEVS (+3 dB) levels DF DV 1 B
22 3.4.2
Place deployed boom in verticle position 
with the tip mass end up and pivot about 
lower (non tip mass) end slowly until 
buckeling occurs
≤ 10 degrees from 
vertical, no buckling JC DV 1 B
23 3.5.2 Verify, while in deployed configuration no moving or active components MB DV 1 B
24 3.6.1.a
Analysis of boom and antenna material 
to determine likelyhood of magnetic 
properties developing over time
 no expected 
magnetic properties 
will develop within a 
5 year life span
AJ CV 1 A
25 3.6.1.b
Analysis of boom material to determine 
ability of material to adhere to thermal 
or protective coatings
Coatiable DF CV 1 A
26 3.6.2.a Analysis of antenna material to determine material conductivity
Conductivity ≥ 50% 
IACS MB CV 1 A
27 3.6.2.b
Test conductivity between the boom and 
the HyperCube structure, if the Boom 
material is conductive 
Boom must be 
grounded to the 
structure
AJ DV 1 B
Report Date
Sponsor:  POLYSAT
Component/Assembly: BOOMSTIC 
DEPLOYER
REPORTING ENGINEER:
Quantity Type Start date Finish date Test Result Quantity Pass Quantity Fail
 TIMING TEST RESULTS NOTES
BOOMSTIC DESIGN VERIFICATION PLAN AND REPORT
TEST PLAN TEST REPORT
Item
No
Specification or Clause 
Reference Test Description Acceptance Criteria
Test 
Responsib Test Stage
SAMPLES 
28 3.8.2
Visually observe deployment test 
(3.3.1.a) using highspeed camera to 
verify deployment safety to CubeSat
No impact of 
deployables onto each 
other or the satellite
DF DV 1 B
  
 
 
 
 
 
 
 
 
 
Appendix K. Part Drawings 
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